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PREFACE

This technical report, entitled "The Application of the
Ratio Reflectometer to Energy Band Studies in Germanium and
Gray Tin", is the second of two related reports based on the
author's work at Harvard. The first, HP-20 (also known as
ARPA-33), is entitled "The Construction and Analysis of a
Ratio Reflectometer". The report has been divided into these
two parts both because of length and because individual readers
will usually have greater interest in one than in the other.
Cross references between the two parts have been minimized

but not entirely eliminated.
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ABSTRACT

In our work we have conducted four related investigations:
(1) the design and construction of a ratio reflectometer for op-
tical measurements; (2) the description and analysis of a polar-
ization dependent false structure in the reflectivity, which
arises in the system monochromator; (3) the application of the
ratio reflectometer to the accurate measurement of reflectivity
structures in germanium and gray tin, which are then interpreted
in terms of energy band models; and (4) the development of an
-@hfouéh the study

e

of the dependence of the diamond double group selection rules

improved method for theoretically computing €

on light polarization direction, and a suggested modification to
the double group labels at L, with particular reference to gray
tin.
In this technical report we discuss (3) and (4) whiie (1)
and (2) are considered in Technical Report HP-20 (ARPA-33),
entitled "The Construction and Analysis of a Ratio Reflectometer".
(3) Our studies of the reflectivity of gray tin and germanium
served a number of purposes: to demonstrate the capability of our
system to pick out fine details in reflectivity; to see if reflec-
tivity studies could display structure which is either missing or
confused in the differential technirques such as AC electroreflectiv-

ity, and thereby to provide a basis of comparison for these two

ix



methods; to provide data for a Kramers-Kronig analysis giving n and
k for Ge at low temperature and for gray tin.

Interpretation of the reflectivity structure in these two
materials is not completely straightforward since the band models
of different investigators such as Herman and Cardona differ sig-
rificantly and since large regions of f space are now felt to con-
tribute to individual peaks. In our analysis of structure, we
have employed both the Cardona and Herman bands, hoping to find a
basis for preference between them. The individual structural
features we consider do not provide the basis for a clearcut choice.

We noted the following in germanium: The peak at 3.2 eV splits
into a doublet at low temperature and is best interpreted as aris-
ing from a AS d Al transition. A number of other studies in this
region give highly conflicting results. The Z-X peak at 4.46 eV
shows a shoulder at the high energy side and we discuss the lack
of a corresponding peak in electroreflectivity, as well as the
narrowing of the reflectivity peak on cooling. We see some
evidence in reflectivity of the L3' > Ll transition, noted by
Potter in polarization measurements, although our peaks are much
weaker than his data would predict. We try to account for the
difference in peak size in terms of scattering associated with
sample surface distortion. We also see the direct gap transition
from the split-off valence band; the size of our shoulder is com-

parable with that predicted by Potter's data.




i

We studied gray tin over the range .95-5H.2 eV, with sufficient
absolute amplitude accuracy to justify a Kramers-Kronig analysis.
Studies were made at both 260° and 80°K. Problems due to cample
degradation and film buildup in the cryostat were eliminated so
that we feel all the structure reported is real.

The two A peaks (1.365 and 1.83 eV) at low temperature drop
sharply at the high energy side of the peak, displaying their Ml
critical point character. Between the A and 5-X (.75 eV) peaks
are three small features. Two, at 2.¢0 and 7.3 eV, are seen in
electroreflectivity. The 3.3 reflectivity structure confirms the
doubtful electroreflectivity feature. A third reflectivity feature,
a shoulder at 2.85 eV, is not seen in electroreflectivity. We
discuss varying possibilities for the identification of these three
features plus an additional one at 2.28 eV seen only in electro-
reflectivity.

The EZ(Z-X) peak in gray tin is considerably smaller than its
analog in other diamond and zinc blende semiccnductors. We account
for the small size by an appeal both to Kane's idea that E2 is made
up of transitions throughout a large part of the Brillouin zone and
to the considerable band distortion created by the zero fundamental
energy gap.

Above the E2 peak, we have noted three structural features.
Two of these coincide with two of the three electroreflectivity
peaks in the same energy region. Combining these to give a total

of four, we find the structure corresponds to the L\.5| = L3
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quadruplet in the Cardona k:p bands. They can also be related to
transitions in the Herman bands.

In our studies of the electroreflectivity of germanium we note
major changes in shape and large energy shifts when the AC electric
field magnitude is changed. Of particular interest is the first re-
ported effect of a magnetic field on the A transitions in germanium.
In an E X H experiment we notesignificant decreases in the AR/F sig-
nal as H is increased. This is to be contrasted with our study of
the reflectivity at the A peaks under H field where we noted no ef-
fect within .02% of the reflectivity.

We feel that thin oxide films can affect electroreflectivity
studies employing the electrolytic technique and that films of COp
and water can affect low temperature reflectivity studies. Using
a simple model and computer program, we display some of these ef-
fects for varying thicknesses of film.

(4) Optical selection rules and their modification under
electric field were essential to our interpretation of the reflec-
tivity and electroreflectivity structure. We outline the group
theoretical procedure for determining the selection rules for the
diamond double group and discuss their modification under electric
field by applying campatibility relations.

These rules are applied in two cases. One is to the rés, > Té,

transitions. The other, a study of the LS' > L3 transitions, is of

considerable interest. We consider an improved method for computing
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62 theoretically by noting the difference of the selection rules

at the eight L points. Specifically, we note that the strength

of the members of the LS' > L3 quadruplet should be different from
one another in reflectivity and electroreflectivity, and apply

this discovery to comment on the missing structure in both of these
experiments in gray tin. The comparison of theory and experiment
suggests that the double group labels at LS‘ and those at L3 should

be reversed from their commonly published order.







CHAPTER TV REFLECTIVITY MEASUREMENTS
AND THETR INTERPRETATION

A. SOME COMMENTS ON THE THEORY OF REFLECTIVITY GTRUCTURE

In the Introduction we commented on how band calculations, which
use a small amount of experimental data, can determine the band struc-
ture throughout the entire Brillouin zone. (The diamond zone is shown
in Fig. 4-1.) This band structure, coupled with oscillator strength
calculations based on the same wave functions used in the band cal-

culation, can be used to calculate € This value in turn can be

o
compared with experimental determinations of 62 over an extended
energy range.

The comparison in Ez, and by extension in R, can be made on the
basis of three sets of quantities: the energies at which transitions
occur, and the magnitulde and line shape of the related optical struc-
ture. All three are relevant in the interpretation of germanium and
gray tin structure discussed in this chapter. For instance the energies
at which the er‘ - P15 transition in germanium gray tin and silicon
occurs are in dispute (compare the assignments in Phillips [4-01] and
in Herman et a'.[4-02]; the magnitude of the Z-X transition in the
reflectivity -.f ®-Sn is smaller in comparison with the A transition
than in the other diamond and zinc blende semiconductors; and the line

shape of the Z-X transition in germanium is open to different inter-

pretations.

——— ——



o INTERIOR POINTS AND LINES
o SURFACE POINTS AND LINES

FIG.4-1 FIRST BRILLOUIN ZONE FOR THE DIAMOND LATTICE
from ref.[ 5-08, Fig.7]
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FIG.4-1 FIRST BRILLOUIN ZONE FOR THE DIAMOND LATTICE
From ref.[ 5-08, Fig. 7]



The general theory of optical structure in solids is well de-
scribed in the literature. In particular the review articles by
Phillips [4-01], Knox [4-03], and Stern [!i-0/i] cover many of the
relevant points. Other useful reviews are those of Tauc [4-05,
4-06, 4-07), Zallen [4-08), and Grant [4-09]. New band structure
calculations by Herman et al. [4-02], Kane [4-10), and Cardona-
Pollak [4-11] are important supplementary data, necessary to a
balanced view and interpretation. In the remainder of this section
we summarize a number of the results from these references.

The reflectivity of a material can be expressed in terms of the
macroscopic quantities, n and k, the components of the complex index

of refraction.

2 2

B fn-1)2+k2 (4.1)
(n+1)"+ k

In turn n and k can be related to Z, the complex permittivity.

) 2 2
€ = eo(n -k

) €, = €, 2nk , (#.2a,1)
where € is the permittivity of free space. The imaginary component

o Z, €,, can be computed using a quantum mechanical model. The

interband contribution to €, is [4-01, Egs. 2.7, 2.9, 2.10, 9.2]

2. 2 £, ., (K)
o) Bz, 07—l a5, (4.3)
mod B2 E.|GE, .|
J3' RT3

where j' is the index for the bpands with unfilled states, and J is
that for filled states. The relation

E.,.=E, -E, = fp (L.4)

J'J J J
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defines the surface Sk in E'space. The oscillator strength of a

given transition from band j to J' at wave vector K is

2 | (@R

J'd
and it is evaluaied using the one-electron Bloch wave functions.
The joint density of states for transitions between bands j and j'
is defined as
ds
aN -
Ty, & e =0 [ el |, (4.6)
33 T EE, 7 &
34 % gyl

It is a joint density since it depends on both bands.
We have modified Eq. 4.5 for the oscillator strength to include

the effect of the polarization of the light radiation.'

fWe were puzzled by the absence of a dependence on the light polariz-
ation in the expression for €z in Brust [4-12] and Phillips [4-01];
a polarization dependence is to be expected since the Hamiltonian for
the interaction of radiation and matter is of the form
Hint = er E = er-Ef ~ es-x/c c (4.7)
fi is a unit vector in the direction of light polarization. The
question was resolved by referring to a discussion in Seitz, Modern
Theory of Solids, [4-13, Secs. 43 and 148], which has regularly been
cited as a reference in the €2 formulations. The expression for
P(t) (= the probability of a transition's occurring), which is used
in the derivation of O = wez/lr, has terms of the form (Eqs. 43.27
and 28)

A 2
1{3" |R-T)3)|° - (4.8)
When the cos®0 term is averaged over a solid angle, the matrix
element becomes

V13 4Y |2
G (a2l |2 - Ll (b.9)

This averaging is a procedure which is valid in an isotropic medium

only. In our Eq. 4.5 we have removed the factor 1/3 and reincorpor-
ated the polarization vector fi; the form of the equation is now es-

sentially the same as that found in other references [4-06].




Dola 22, 2
e (7 = & LEA-plE)| )
i T B ()

This modified expression will be central to our analysis in Chapter V.

Equation 4.3 indicates that €, at w is determined by the sum over

2
the allowed transitions from the filled to the unfilled bands separated
by energy Hw. €5 is large in two sets of circumstances:

(1) When the joint density of states is singular and the oscil-
lator strength is nonzero. Under these conditions the oscillator
strength will help determine the importance of the transition to €oe

(2) When the oscillator strength is particularly large due to
reinforcement by transitions at a Brillouin uzone boundary (called um-
klapp enhancement), where ther: #ill often be a singularity in the
joint density of states.

The singularities in the joint density of states resulting in
large €, occur under four similar situations, called van Hove sin-
gularities or critical points (Fig. 4-2), when the slopes of the
initial and final state bands are equal. MO is the name given to
the singularity when it arises from a three-dimensional minimum in
the shape of the E(E) curve of the final relative to the initial state.

M3 is a maximum, and M, and M2 are saddle points.

1

and hence R when we take €. into

At these critical points € 1

o
account) will show structure similar to the van Hove singularities.
Thus, the line shape of an experimentally measured R will help to

identify transitions, especially since some critical points are ex-

pected to occur at points of high crystal symmetry in the Brillouin zone.

s e e
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Line shape interpretations can become complicated by a number of
factors:

(1) 1f a transition is umklapp enhanced, the line shape need
not have a van Hove shape but will often be a peak [4-01, p. 72].

(2) Two or more van Hove singularities can cluster together
in energy. Multiple critical points have been suggested as being
responsible for the Z-X peak in germanium [4-12] and the A peak in
cadmium telluride [4-14].

(3) Structure in R and €2 need not arise solely from a van Hove
singularity at points of high symmetry in the —one but can arise from
transitions occurring over a large part of the zone. There will
again be a singularity in the Joint density of states, but it will
not occur at one point in E'space. Rather, the singularity will
occur over a wide range of K values in which the final and initial
state bands are parallel. The van Hove description is somewhat in-
appropriate here, although this large region of K space may contain
a number of the van Hove singularities. The net result is that the
line shape is not predictable from the simple van Hov: models, but
can be determined only by summing the contribution to €2 at a given
energy from a band calculation encompassing all of K space.

This possibility was hinted at in the work of Brust [4-12, 4-15],
when he noted that acluster of critical points might contribute to the
3.4 eV peak in silicon and to that at 3.2 eV in germanium; but it was

firmly established by the work of Kane [4-10] in calculating the band
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structure of silicon using a form of pseudopotential theory. Care-
fully determining the resultant energy differences in the Brillouin
zone to minimize sampling errors, he noted that the peak at 4.3 eV
in silicon, known as the %-X peak, was not made up solely of contri-
butions from these two symmetries. 1In fact the XN = Xl transition
contributed less than 5% to €5 Large regions of K space created
the rest of the peak. A similar effect was noted for the peak

labeled L,, - L3, while the contributions to the structure labeled

3
F25, - FlS were less conclusively identified.

Certain conclusions from this work seem inescapable. Some of
the labeling of optical structure in the past in terms of transitions
at high symmetry points are now merely nominal since many other di-
rections and/or points may contribute as well. Experimental work
(such as that of Gerhardt [4-15]) is necessary to establish the prime
symmetry directions of much optical structure whose symmetry is
established to date only by calculations.

A second conclusion is that we must place far less confidence
in the van Hove singularity line shapes as a tool for experimental
line shape evaluation and for transition identification, until such
time as an extremely detailed sampling of the Brillouin zone is made
following a band calculation in which one has complete faith. Then
we will know if a particular bit of structure arises at one or more

-—p
van Hove singularities or over a large volume of kK space. Kane's

work has pointed the way.
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(4) The electron-hole interaction' is another factor complicat-
ing line shape interpretation. It is one of a number of correlation
effects in solids which are ignored in the one-electron approximation
but which become relevant when one considers the excited states of a
crystal. The interaction is the Coulombic attraction of an electron
in a conduction band and a hole in a valence band. Considered to-
gether as a single entity, they create a quasi-particle, often called
an exciton. This exciton is like a hydrogen atom and can have both
discrete and continuum energy states at an M, edge (4-17, 4-19].
These states significantly modify the one-electron absorption line
shape (Fig. 4-5a).

An article by Velicky and Sak [4-20] extends a number of these
ideas to the three other types of van Hove singularity. They employ
two separate approaches. The first presupposes a short range inter-
action of the electron and hole, giving something like a Frenkel exciton.
The solution is exact, and fails to display any discrete levels. The

result

e,(@) = |1 + gFlw)] " & (w) (4.11)

shows that ezﬁn), the dielectric constant in the presence of the
electron-hole interaction, is just the one-electron dielectric
constant, eéo)(uﬂ, which is found in our Eq. 4.3, multiplied by an

amplification factor. This factor contains g, the coupling constant

fThe electron-hole interaction is treated in the literature under

several titles which we cite here: exciton [4-17]; Frenkel and
Wannier excitons [4-03); parabolic, hyperbolic (or saddle point),
and hybrid excitons [4-01); resonance and antiresonance [4-01];

a form of collective excitation [4-18].
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of the interaction, and F(w), a Kramers-Kronig transform of the joint
density of states. As displayed in Figs. 4-3 and 4-4, the factor
results in an enhancement of M0 and M1 edges and a weakening of M2
and M3 edges.

When Elliott [4-17] employed a Coulombic interaction of the
electron and hole within the effective mass approximation at an
M, edge, he noted discrete levels (Fig. 4-5a). Velicky and Sak
use this method in their second approach. While discrete levels
cannot exist at the Ml’ M2’ and M3 edges, the Coulombic interaction
does distort the shape of the edges just as the short range inter-
action did. Figure 4-5b shows the effect of the interaction at an
M, edge. In parallel work Duke and Segall [4-21] conclude that
excitons cannot exist as metastable particles at M1 and M2 edges.
Velick§ and Sak extend their analysis with Coulombic interaction one
step further, by noting the distortion of the MO discrete excitonic
levels by other bands.

The electron-hole interaction can cause even more extensive
changes: Toyozawa et al. [4-22] noted that the shapes of €, for the
four types of critical points shown in Fig. 4-2 could be interchanged
by varying the parameter g in Eq. 4.11.

Spatial dispersion is yet another mechanism resulting in the
modification of excitonic line shape. This dispersion of the electro-

magnetic radiation arises when there are other means of energy trans-

port within a crystal besides the electromagnetic field [4-23].



The effect of the discrete excitonic lincs at an MO edpe is
dramatically demonstrated as temperature is reduced; the absorption
edge peaks sharply [4-19]. By analopy the sharpening with decreas-
ing temperature of the reflectivity peaks, corresponding to transi-
tions at the other types of critical points, has been attributed
to excitons [4-01]. We now see that such sharpening could not be
due to discrete levels.

It is not always immediately obvious which mechanism is appro-
priate to account for line shape. For example the structure in the
3.5 eV peak in CdTe, as seen at low temperature, was initially attri-
buted to a cluster of critical points by Marple and Ehrenreich [4-14].
Since the peak seemed to exhibit resonant and antiresonant features
(i.e., it looked like constructive and destructive igterference),
Phillips attributed the effect to discrete levels in an Ml exciton
(4-01]. Velick§ and Sak show similar resonant and antiresonant
structure at an M1 edge arising from the electron-hole interaction
(see our Fig. U4-lc) and not from discrete levels. What is clear from
this is that one can no longer appeal quite so Treely to the concept

of the exciton, composed of discrete and continuous levels, to account

for peculiarities in line shape.

We now face the general question of band calculations and what

4-11

faith one is to place in them. Works include those of Cohen-Bergstresser

{4-24], Brust [4-12], Phillips [4-01], Cardona-Pollak [4-11], Herman et al.

[4-02], Dresselhaus-Dresselhaus [4-25), and Kane [4-10). The authors




h-12

make differing claims as to the accuracy of their own particular
approach. The fact is that while most calculations show the same
general shape for the bands, they often differ in energy differences
between bands by amounts greater than the usually stated errors in
the methods -- .1 eV. For example Kane's value for the P&S' - Pz,
transition in silicon is 3.3 eV, while both Brust and Cohen-Berg-

stresser find 3.8 eV. All three use a pseudopotential technique.

Further, in the calculations of Herman et al. the T

ogr ™ FlS tran-

sition is .5 to .8 eV lower than in Cohen-Bergstresser's pseudo-
potential calculations in germanium, silicon, and gray tin (where the

supposed T i F15 energy is one of those fitted by adjustment of

25\
the pseudopotential parameters). This difference results in a major
change in the identification of certain structure.

Which one of these calculations is one to choose? Philosophic-
ally, that of Herman et al. is the most satisfying since it is a
"first principles" approach involving a self consistent potential
and charge distribution later modified slightly by experiment. The
semi-empirical pseudopotential method [4-12, 4-01, 4-24, 4-10] using
a small number of parameters has given considerable insight into band
structure. But the free electron bands from which it starts undergo
large distortion in response to the pseudopotential parameters. In
contrast the modified first principles approach of Herman et al. re-

quires little distortion. The Fourier expansion approach of Dressel-

haus and Dresselhaus employs a tight binding approximation and fits



[

13 parameters. The semi-empirical k.p method [4-11] should be ex-
cellent for new structure since it fits 15 parameters. The success
of these two methods presupposes the accuracy of identification of
experimental structure and energy differences used to determine the
parameters, which is just the point put in question by Herman's
w<>r1-§.'r Hence, Fourier expansion and k:p bands should ultimately
rest on a first principles calculation, establishing the accuracy
of structure identification. The "right" calculation probably is
still to be made, and may well be the result of a melding of techniques.
In interpreting our own data, we will lean on more than one cal-
culation and will try to see if the data dictate a preference. Ve
shall call on AR/R and photoemission data which will bear on or

support our own comments.

TWe adduce two examples of how the k-p bands change radically as
one changes these parameters.

(1) Cardona [U4-26, p. 26] notes that the k:p gray tin bands shift
from a form similar to the Cohen-Bergstresser values to Herman's
values [4-27) as he varies the value of the Eé parameter.

(2) The gray tin bands as originally published had a spin-orbit
splitting at Ly, of 42 ev and at Ly of .23 eV [4-28]. By changing
the identification of AR/R structure found in ref. [4-28], Higgin-
botham, Pollak, and Cardona in a later article [4-29] changed the
latter splitting markedly to ~.9 eV. This change was made without
any explanation of why the former value of .23 was in error. This
is particularly puzzling since the AL3 value is derivable from some
formulae given in a third paper [4-30] and is far less than .9 eV. At
any rate, the changed identification and splitting involve a change in
certain k:p parameters and a consequent sizable change in the band
structure. We comment on this latter approach, which we feel to be

in error, in Chapter V.
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B. GERMANIUM

1. A Review of Prior Work

As a group IV semiconductor of central importance, germanium
has received an extraordinary amount of experimental and theoretical
attention. Even when narrowing our interest to reflectivity, we
find that a nurher of different studies have been made. We shall
give a brief review of those earlier papers directly relevant to
the present study. In 1959 Philipp and Taft [/-31] measured the
reflectivity over a sufficient energy range (1-10 eV) to permit
Kramers-Kronig analysis of the data. They noted the 4.46, 3.2,

2.2 eV peaks seen in our Fig. 4-6 as well as a peak at 6.0 eV.

Philipp and Ehrenreich [4-32] extended the measurement and analysis
further into the vacuum ultraviolet. Prior to their work Archer
[4-33] had studied the polarization parameters of reflected light

in a limited energy range (1.75-3.5 eV). Tauc and Antonéik [4-34]
noted that the 2.15 eV peak was actually split into two peaks at

2.10 and 2.30 eV, and Tauc, working with Abrahdm [4-35], examined

the behavior of this peak in germanium-silicon alloys in an attempt
to better understand the relative band structures of the two materials.
Cardona and Sommers [4-36] examined the behavior both with temperature
down to 80°K and, with doping, of the peaks at 4.46 and 2.10-2.30 eV.
Donovan, Ashley, and Bennett [4-37] measured samples which had been
electropolished rather than mechanically polished and etched, and
were thereby able to sharpen the structural splitting at 2.1-2.3 eV

and to note a new shoulder at 2.47 eV. Their work also minimized
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the effects of oxide films on the samples. Potter [4-38] using a
type of reflection polarization technique, noted new structure in
n and k at 1.74-1.94 eV and evidence of the I' transitions corres-
ponding to the minimum direct energy gap.

Other techniques have been applied to the same region origin-
ally examined by reflectivity. Workers have studied absorption in
thin epitaxial films [4-39, 4-09] or in thinly ground samples [4-40].
Seraphin [4-41] pioneered electroreflectivity studics, which revealed
new structure near 3.4 eV, and Cohen and Phillips [4-42] have ana-
lyzed the photoemission studies of Gobeli and Allen, relating the
data to the pseudopotential band structure.

The results of these and other studies have been incorporated
in the calculations of band structure already discussed. The major
present difference among the band structures is in the energy of
the st, = PlS transition and consequently in the identification
of the optical structure observed near 3.2 eV. Pseudopotential and
k-p models regard this energy as that of the transition, while the
studies of Herman et al. suggest that this transition is closer to
2.7 eV.

2. The Reasons for Our Study of Germanium

We decided to study yet again the reflectivity of germanium for
the following reasons:

(1) To determine R at low temperature over a range adequate to
permit later a Kramers-Kronig analysis of the data. Most of the pre-

vious studies mentioned tended to examine the temperature dependence
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of selected peaks only, and Potter's study gives n and k over a
limited range. Our work at 80°K, well below UD = 350°K, reduces
the broadening effects of phonon interactions on the reflectivity
structure.

(2) To look for fine structure throughout the full energy
range both at room and liquid nitrogen temperature.

(3) To look for the effects of magnetic field on the larger
structural features in reflectivity.
3. Samples

The samples studied were all cut from a high quality n-type
single crystal ingot.f The etch pit density was low, and the im-
purity density of 2 X lolu/cms. was well below that found to cause
peak energy shifts [4-36). Samples of various orientations, neces-
sary for the H field measurements, were cut from the ingot, ground,
polished with .1 M compound (Linde B) and then etched. ¥ Samples in-
tended for low temperature measurements were placed in the cryostat
within minutes of the completion of the etch so as to minimize oxide
film formation. They were mounted in a simple sample holder with a
spot of glue at one end only, so as to minimize strain. Detalls of
cryostat operation and problems are discussed in the section on gray

tin. The effect of film formation is discussed in Sec. IV-D-2.

?The sample had a resistivity of 8 ohm-cm. and was received from Bell
Laboratories.

¢CP-4 etch was used in most studies: 3 parts 50k HF, 5 parts 70% HNO=,
3 parts HC2H302 (glacial acetic), 8-10 drops of Bromine/SO ce. An
iodine etch recommended by S. Groves [4-U43] was tried since it was
purported to give sharp structure: 100 cc. HNOs, SO cc. HF, 98 cc.
Acetic (CH=COOH), 12 cc. Io solution where the solution is 25 gm. I
in 1 liter Acetic acid. The removal rate is 1.5 mil/min.



4, Experimental Data and Their Interpretation

Figure 4-6 is a plot of the reflectivity of germanium at room
temperature while Fig. 4-7 is that at liquid nitrogen temperature.
(Note: the absolute values of R will not be as accurate as is claimed
in the work of Donovan, Ashley and Bennett -- i.l%. We are subject
to errors of + 5% as described in Sec. IV-C-5-c.) Each point of in-
terest is labeled in three ways. First, there is the energy of the
transition as given by our data, placed above an arrow pointing to

the peak. If the arrow shaft is a question mark, the structure was

4-18

not seen under all conditions and may be suspect to the degree discussed

in the text for that peak. The second label is the peak notation de-
veloped by Cardona and now in general use (e.g., Es» Eé) [4-44]. This
is a label for the reflectivity structure vithout reference to the
region or regions of the Brillouin zone accounting for the structure.
This notation is quite relevant since all diamond and zinc blende
semiconductors show much the same reflectivity structure. Finally,
there is the label describing the region of the Brillouin zone where
this transition is felt to take place. Remembering the work of Kane,
cited earlier, we note that these labels are often nominal, parti-
cularly in the case of large amplitude peaks. The transition labels
will usually be quite accurate at the fundamental indirect and direct
gaps, and perhaps for some of the smaller peaks.

The interpretation will be made in terms of the band structure

of Cardona and Pollak [4-11], found in ref. [4-30] with spin-orbit

splittings explicitly included. It is reproduced in our Figs. 4-8a and b.
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FIG.4-8b ENERGY BANDS OF GERMANIUM ALONG THE X-W, W-K, AND K-I

LINES. DOES NOT CONTAIN SPIN- ORBIT SPLITTINGS. From ref.
[4-11, Fig. 4] Z notation corrected from ref[4-02].
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Reference will be made to the calculation of Herman et al. at appro-
priate points.
Before proceeding to a detailed discussion of the structure,
we summarize our own discoveries: e shoulder in the E2 peak, split-
ting of the 3.2 eV peak, and observation of structure in reflectivity
at 1.76, 1.94, and 1.2 eV, the last due to a F25' - F2' transition.
a. Structure at 4.46 eV and at 4.9 eV(Ez). The 4.46 eV peak,

which shifts to 4 49 ev at liquid nitrogen temperature (Figs. 4-6

and 4-7), is what is generally called the Z-X peak [4-12] and is now
felt, on the basis of Kane's work, to be made up of transitions from
a number of regions of Q'space. The shoulder at 4.9 eV has not been
reported before for germanium. When a similar shape was noted in
indium antimonide for the E2 peak, the peak was labeled X and the
shoulder £ by Phillips [4-01, p. 148) since transitions at these
points were then thought to be the primary contributors. We will not
apply these labels for three reasons. First, Kane's observations have
made such identification suspect. Second, Dresselhaus and Dresselhaus
[4-25, p. 668) state that there will generally be no critical points
at X. Specifically, they find no critical points corresponding to

the Xu -+ X, transition in germanium.* Third, electroreflectivity,

1
with its narrow line width, often picks out critical points more

strikingly than does straight reflectivity work; yet, neither the

?Like Kane, Dresselhaus and Dresselhaus find that the E2 peak is made
up of contributions from large regions of K space. The 22 *'23 tran-
sitions and transitions along the L-U line (Fig. 4-1) are important.
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AR/R work in germanium nor that in indium antimonide shows the twin
peaks (one for cach critical point) that we would expect on the basis
o' the reflectivity. On the other hand silicon, which shows a shoulder
in its reflectivity at E, [4-U45], shows a corresponding splitting in
its electroreflectivity [4-30].

If the germanium 4.46 eV peak and its 4.9 eV shoulder were made
up solely of the contributions from two critical points, such as the
transitions 22 -’Zé and Xh = Xl, then we could expect both to exhibit
AR/R structure. Their ~.ll eV separation is wide enough that both
should be resolved. Kane's work provides a clue as to why we might
see structure in R that is not present in AR/R (as in the case of
germanium), or alternatively, see structure in AR/R which is matched

in R (as in silicon at E The R peak and shoulder are the summed

2)'
effect of transitions over large regions of the zone. The various
transitions add a positive contribution to €2 regardless of whether
the effective masses of the joint density of states are positive (Lb)
or negative (MS) or both, as in a saddle point (Ml, Mz). This is not
so in electroreflectivity, where both the sign of the joint effective
mass components selected by the applied electric field and the type
of critical point determine the sign of A€, and Aez [(4-46]. Masses
of different sign from different regions of the Brillouin zone could
result in the cancellation of the net AR/R signal at some energy (as
in germanium at 4.9 eV), whereas, masses of like sign could result in

an enhancement (as in silicon). This cancellation may be only partial,

and a signal might be visible if special care were taken to minimize



the increasing noise level afflicting optical measurements above
about 4.5 ev.!

Thus, on the basis of the combined electroreflectivity and re-
flectivity data, and also of Kane' studies in silicon, it is inad-
visable at this point to identify the shoulder and peak in the E2
structure in terms of specific Brillouin zone transitions.

Comparing Fig. 4-6 and Fig. U4-7, we see a sharpening of the
TS eV structure as the temperature is lowered. In making this
comparison, we superpose the curves for the 80°K and 300°K runs in

the region between the E. and E2 peaks. There is a narrowing of

1
less than .05 eV on the low energy side and of .1 eV or more on the
higher.

Tﬁere are at least two possible explanations for the narrowing
which should be considered: (1) band spacing change, and (2) phonon
broadening-of the transition.

(1) The peak is made up of contributions from many parts of
the zone which could have different temperature coefficients. Then

the peak narrowing might result from a relative change of the band

spacing so that those bands contributing to the peak become more

1’Ghosh [4-U47] claims to have seen evidence of both an M; and Mz sin-

gularity in his AR/R data in the 4.2-4.5 eV range. We feel his iden-

tification is unwarranted for three reasons: (1) The AR/R data have

not been reduced to A€; and A€z2. This is generally essential for ac-
curate identification of the type of critical point. (2) He appears

to assume that the only directions in K space which contribute to

AR/R are those along which the E field of the light has a component.

This seems incorrect to us. (3) The structural feature at 4.5 eV

which ‘he associates with an Mz transition, decreases with increasi. .

applied electric field, exactly counter to the predictions of the
one-electron Franz-Keldysh theory [4-46, 4-48].

424
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closely grouped in energy. An analogous diflerence in pressure co-
efficients has been noted by Herman et al. [#-02] in germanium
where the EL —’?% and Xh i Xl coefficients differ by a factor of
1.75., Unfortunately. when we consider actual temperature coefficlents,
this mechanism will not account for the peak behavior, for it sug-
gests that the high energy side of the peak should move to higher
energies rather than to lower as we observe.T
(2) The effect of phonons on broadening a given transition de-
pends on the phonon population, determined by temperature, and on
the over-all electron and phonon band structures. The latter de-
termine the symmetry of those phonons which contribute and whether
absorbed phonons will be as significant as emitted ones [4-49]. The
broadening effect of phonons is particularly striking when one con-
siders experiments displaying the electron-hole interaction; a sharp
peak in absorption due to discrete excitonic levels in the direct
gap of germanium is wiped out as the temperature is increased to
room temperature [4-19]. 1In analogy the dramatic sharpening of some
reflectivity peaks on cooling has been accounted for by appealing
to quasi-stable discrete excitonic levels at Ml and Mz singularities
[4-01]. Although these levals probably do not exist [4-21, 4-20],

the electron-hole interaction can accentuate a peak in comparison

fThe top of the E> peak has the coefficient -1.8 X 1074 eV/°C, a

value less than the coefficient ~ -4.0 X 10°* eV/°C which is

usually found (positive coefficients occur only rarely). If the
bands contributing to the higher side of the Ez peak have this

more common order of coefficient, they would move to higher energies
faster than the peak as temperature is lowered, leading to broadening.
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with its shape predicted by the one-electron theory (Figs. 4-3 and
4-4). Perhaps the true explanation of the sharpening of our peak
and of others lies in a proper consideration of the combined ef-
fects of phonons and the electron-hole interaction.

b. Structure at 3.2 eV (Ej); 3.4 eV (Ej+4p3). The 3.2 eV peak

in Fig. 4-6 is seen to split into a doublet at 3.2 and 3.4 eV in the
low temperature scan shown in Fig. U4-7. Figure 4-9 contains an ex-
panded view of this structure as well as other experimental evidence
from this energy range. The photoemission work of Gobeli and Allen
[4-42] shows a strong shoulder at 3.25 + .05 eV and a weak shoulder
at 3.55 + .05 eV, while more recent electroreflectivity work of
Cardona et al. [4-30] shows bumps whose average position is 3.33 and
3.15 eV (Figs. 4-9b and c). Allowing for experimental error, these
three experiments agree in suggesting a doublet with a splitting of
about .2 eV, but there are a number of discrepancies in the three
remaining electroreflectivity experiments. Seraphin [4-41l), Ghosh
[4-50], and Shaklee, Cardona, and Pollak in their original work [4-51]
show very different results (Figs. 4-94, e, and f).

It is just this energy region around 3.3 eV where the dispute
between the band model of Herman et al. and the semj-empirical k-p
and pseudopotential models is most marked. For the moment let us
consider the structure from these six experiments in terms of the
k.p bands, turning later to the first principles bands.

Originally Ehrenreich, Philipp, and Phillips [4-52] identified

the reflectivity structure at 3.2 eV in germanium and at 3.5 eV in
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silicon as due to the r25' -'Pls transition. The idea that the
silicon structure might arise from trahsitions along A and not at

I' was developed independently by Gerhardt [4-16] on the basis of
uniaxial stress measurements and by Brust [4-15] on the basis of

a detailed pseudopotential calculation. Later Cardona et al. [4-30]
suggested that the AS(A7) -’Al(AG) and AS(AG) -'Al(As) transitions,
which have a splitting of .17 eV in the k.p model, might account for
the electroreflectivity structure in germanium. This value fits the
experimental doublet splitting of .18 eV foupd in the later experi-
ments [4-30]. Gerhardt's work in silicon and some comments of
Cardona et al. in ref. [4-30] can be combined to give additional
support to the idea of a A transition in germanium. In studying
germanium-silicon alloys, Cardona et al. have noted the equivalence
of the 3.4 eV peak in silicon and the 3.2 eV peak in germanium, sug-
gesting that both have the A symmetry found in silicon.

The left half of Table 4-1 is a listing of the k-p energies
associated with the r25' - rlS and AS -'Al transitions, the spin-
orbit splittings, and the optical selection rules (Sec. V-A-1l-a,
and 2-a) with and without electric field. The right half lists the
energies of the structural features in a number of experiments. The
inferred values of spin-orbit splittings are in parentheses.

Six of the seven experiments support the concept of a spin-

orbit split AS -’Al transition.



Only the tirst studies of Shaklee, Pollak, and Cardona are con-
sistent with the calculated FZS' ~- F15 transition energies. The cal-
culated spin-orbit splittings are close to experimental splittings, and
the missing peak, Ff - Fé, is forbidden in reflectivity and hence might
ve weak in electroreflectivity. The Ghosh' and Seraphin data cannot be
identified in terms of the computed F25' "Flb energies, as can be seen
in the table; there are no consistent spin-orbit splittings.

There is a rair amount of structure which is not accounted for in
this model. It is listed in the table.

We see then that there are conflicting data arising in the AR/R
studies. Some are consistent with T' transitions, some with A, and some
fit in with no band features.

Associated with an electroreflectivity peak corresponding to a
transition at a critical point, there are subsidiary ripples [4-46],
known as satellites, which are a natural consequence of the Franz-
Keldysh effect, the name given to the effect of an electric field on
optical transitions. Varying experimencal conditions, such as AC and

DC field strength,* doping, and the method of field application, can

nmodify the structure. For instance by just varying the AC level, this

TIn later work [4-47] Ghosh reports new data in the 2.5-3.6 eV range
which differs somewhat from his original report. By gualitatively
fitting these new data with the peak and first satellite of one M,

and four My edges, he sees evidence of one Ag = A; and four Faogr -+ Tg
transitions. However, the experimental spin-orbit splitting of .13 eV
for T'ys is much less than the computed value of .36 eV.

*The reason for the broadening in the AR/R signal with increasing field
has been discussed recently by Aspnes et al. [4-53]. The dielectric
constant, €2, with field is shown to be a convolution integral over K
space of €p without field and an Airy integral: increasing the electric
field results in more and more of K space contributing to the integral.




TABLE

4-1

THE COMPARISON OF THE ENERGIES OF EXPERIMENTAL STRUCTURE
AND THE ENERGIES OF CERTAIN TRANSITIONS GIVEN BY THE K-P MODEL FOR

GERMA

NIUM

k:p Model Energies

Experimental Energles (inferred splittings in parentheses)

Transition {Allowed|Allowed|Energy{Spin-orbit R JPhoto- AR/R
in R? | with E| in eV | 8plitting emisaion :
Field?
This |Donovan | Gobeli-|Cardons |Seraphin | Ghosh|Shaklee
work et al. Allen | et al. et al. et al.
[4-37) | [4-42) | [(4-30) [ (4-41]) [[4-50]| (4-51)
Tase = Tis
- l‘; Yes 3.48 0.28 3.50
(0.30)
rg =Ty | Yes 309 0.3 3.20
(0.32)
Ty - l‘; No Yes | 3.12 Probably
weak
ry -T; Yes 2.83 2.88
&4
b =4 Yes 3.31 0.17 3.4 3.55¢05| 3.33 3.3 3.32
(0.2) (.3%.1)] (0.18) { (0.17) |[(0.28)
o, b Yes 3.14 3.2 3.2 3.25205] 3.15 3.14 3.08
Unaccounted 2.51 2.47 3.65 3.75 { 3.81
(£ 2.95 3.4 | 3.64
2.95 | 2.5
2,73 | 2.56

TABLE 4-2 THE COMPARISON OF THE ENERGIES OF EXPERIMENTAL STRUCTURE AND
THE ENERGIES OF CERTAIN TRANSITIONS GIVEN BY THE FIRST PRINCIPLES BAND
MODEL FOR GERMANIUM, SPIN-ORBIT SPLITTINGS ARE TAKEN FROM REF, [h-BO]

First Principles Model Energies

Experimental Energies (inferred splittings in parentheses)

Transition Iklloved

Allowed |Energy {Spin-orbit R Photo- AR/R
in R? | with E| in eV | 8plitting emigsion
Field?
This |Donovan | Gobeli- |[Cardona |Seraphin | Ghosh {Shaklee
work et al. Allen et al. et al. et al.
[4-37) | ([4-42) | [4-30) [4-41) |[(4-S0]]| [4-51)
Tose = T1s
r; -7y Yes 3.01 0.28
r; ~T3 Yes 2.72 0.36 2.13 | 2.15
Ty =T | No Yes | 2.85 2.56
rg =T, | Yes 2.36 2.51 | 2.47
% .‘Al ---------------------
& =& Yes ~3.1 3.2 3.2 3.15 3.4 3.08
o8~ Yes ~2.9 2.95 2.2 | 2.88
(0.18) [(0.17)
Unlc;oun‘.ed 3.4 SIS 2.33 3.65 3.15 3.01
or
3.25 3.32 s.uu | s.eb
3.32 | 3.5
3.20




author has changed the shape of the AR/R structure associated with
each of the A peaks in germanium from a single positive to a negative
and positive peak containing additional structure (Fig. 4-21).
Reflectivity measurements are not complicated by satellite
structure. Our reflectivity data show only a doublet and no evidence
of other features such as the strong peak around 3.65 eV observed in
Seraphin's data. This is evidence, in addition to the study by

1 and the later work of Cardona et al., that the structure

Gobeli-Allen
seen corresponds to transitions along A (provided we interpret the
structure in terms of the k-p bands). Some of the remaining struc-
ture is very possibly extraneous in the senses discussed in the para-
graph above.

In conclusion, our structure at 3.2 and 3.4 eV is consistent
with the k-p model, but a considerable body of data from other ex-

periments is not.

c. Structure at 2.51 eV? Herman et al. feel quite strongly

that the P25' - PlS transitions should be centered at 2.7 eV. Is
there any experimental evidence to support this? Donovan, Ashley,

and Bennett have seen a very weak shoulder at 2.47 eV in reflectivity,
although Potter, using samples prepared by Donovan, does not report
any structure here in his very careful and sensitive polarization
studies.

Our work showed no evidence with the following exception: in

one sample, in one run only, we saw the small bump at 2.51 eV shown

TCohen and Phillips originally interpreted the structure measured
by Gobeli and Allen as due to P25' - PlS transitions.
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in Fig. 4-6. This would have been rejected as illusory except for
the fact that this was the same run where we saw the L point structure
(Sec. IV-B-U4-f) predicted by Potter's polarization studies; the L

point structure was also hard to reproduce. This structure at 2.47-

; - Pé transition in the first principles

bands as indicated in Table 4-2.

2.51 eV may arise from the T

Ludeke and Paul [4-5l4] have studied the effects of an AC uni-
axial stress on the transmission of thin germanium films. Their
data show a bump at 2.7 eV in the AI/IO curves for light polarized
perpendicular to the strain axis. The character of this bump is un-
certain, however, since it does not appear in the more significant
curves showing An, Ak, Ael, and Aez.

d. Conclusions on the Different Band Models. In Table 4-2 we

list the same structural features found in Table 4-1, this time in
relation to the energies found in the bands calculated by Herman et
al. They have not published spin-orbit splittings so we have adjusted
the energies using the splittings derived by Cardona et al. [4-30].

As in our comparison with the k-p bands, some of the structure fits

in with A transitions, some with I', and much is unidentified.

The %.:p model does not account for the weak structure in the
2.5-2.9 eV range, while the model of Herman et al. fails to account
for the comparatively stronger structure in the 3.2-3.7 eV range.

In either .case the troublesome structure might arise at general points
in the zone not shown in the usual E(E) plots along symmetry directions

in E'space. Over-all the k:'p model is a somewhat better fit in the



entire 2.5-3.6 eV range, but this could well be a result of the as-

sumptions used to determine the parameters employed in the calculation.

These discrepancies will be resolved only after further experi-
mental work giving consistent results. Examination of the reflecti-
vity at helium temperature in the range 2.5-3.6 eV might help in
sharpening the 3.2, 3.4, and 2.5 eV structure and in determining if
there is any other. While it is desirable to make measurements which
will give data on the symmetries in K space of the various transitions,
it is not clear what techniques will be best. AC uniaxial stress
measurenents in transmission [4-54] and reflection [1-15] have gener-
ally poor resolution and fail to display the 3.2 eV splitting.
Probably further refinement of electroreflectivity techniques, coupled
with further work on AR/R line shapes, will point the way. What is
desirable in such a measurement is minimum line width. Ludeke and
Paul [4-55] have noted that a technique for field application using
a sandwich comprised of the sample, vapor-deposited quartz, and vapor-
depositea tin chloride gives line widths at room temperature compara-
ble to those given by the electrolytic technique. The sandwich can
be cooled to the temperature of liquid helium while the electrolytic
package freezes at around -100°C. Consequently, upon cooling, the
sandwich technique gives significantly improved line widths. As an
example consider the ratio of the AR/R line widths in CdTe at 3.5 eV--
line width occurring in the electrolytic technique at 300°K: sandwich

line width at 300°K: sandwich line width at 6°K = 4:3:1.
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e. Structure at 2.12 eV (E;); 2.30 eV (E;+ &,). We have noted

nothing new in the peaks. We have used the size of the dip between
the two peaks (distance from the valley to the top of Eli-Al) as a
measure of the quality of surface preparation. The dip of .25% com-
pares well with the Donovan, Ashley, and Bennett value of .3%.
Potter's samples showed a similar dip, so that our sample appears to
be comparable in the quality of its surface and should therefore dis-
play the other fine structures in reflectivity seen by Potter.

f. Structure at 1.76 eV; 1.94 eV. Potter [4-38) in making po-

larization measurements on reflected light at the pseudo-Brewster
angle, noted structure at 1.74 and 1.94 eV at room temperature and

at 1.84 and 2.04 eV at 120°K. He has attributed these to the L3, - Ll
transitions, partly on the basis of shape and partly on the basis of
the equality of their temperature coefficients with those of the A
peaks. Using his experimental parameters (his Fig. 11), we have
plotted in Fig. 4-6 the expected shape and size of the two shoulders
in reflectivity. The lower energy shoulder deviates from a smooth
line by .5%; the upper, by .3%. Both changes should be la>ze enough
to be seen easily.

Nevertheless, they proved very difficult to find and were seen
conclusively in only one sample (albeit on different occasions). As
seen in Fig. 4-6, they are much smaller than predicted. Using the
temperature coefficients implied by Potter's measurements made at 120°K
and 300°K,we see that the shoulders should occur at 1.86 and 2.06 eV

at 80°K. No evidence was found of them at this temperature.



We thought that, since the quality of our surface seemed com-
parable to Potter's, the L point peaks should be of comparable size
as well. Although this was not borne out in practice, smaller struc-
ture found very near the same energies and inferred to correspond to
Potter's structure gives confirmation to his results.

It is possible to suggest a reason for the difference in magni-
tude between the L peaks in our and Potter's data and the agreement
at A. Let us assume that the electropolishing used by Potter results
in less surface damage than 1s caused in our technique of sample pre-
paration. This is certainly possible since the Donovan, Ashley, and
Bennett electropolished samples gave some of the sharpest structure
observed for germanium. Surface damage results in a distortion of
the lattice constant, a, and in turn the energy bands will be shifted,
as we know from the measurements of pressure coefficients and defor-
mation potentials (the latter is dEg/da). The shift will vary from
one point to another on the sample surface as the distortion varies..

In particular, point Ll(Lg) will assume a range of values. Then
the lifetime of an electron in that state, formerly long, since the
state was the minimum of the conduction band, will decrease since
there will be lower energy states (Lg states at other spatial points)
into which the electron can scatter. The decreased lifetime will re-
sult in broadening of the transition shoulder which will become harder
to discern. Other transitions, such as that at A, will be affected
less since the excited conduction band state already has many states

into which to scatter.
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If this analycis is correct, it reinforces the claim of Donovan,
Ashley, and Bennett to having found a sﬁperior method of sample sur-
face preparation in the electropolishing technique.

A different determination of the L point energies is found in
the work of Ghosh [4-50). His reasoning, based on line shape, is
glven in great detail in a later work [4-47). He concludes that
shoulders seen in certain instances in the electroreflectivity spec-
trum at 2.05 and 2.24 eV are due to M

0]

3 *’Ll transitions. His argument is certainly plausible, but we

feel that two other line shape phenomena, possibly operating together,

singularities, presumably the

L

should be considered as alternatives.

(1) Experimentally [4-30, Figs. 32, 33, 35-37], the peaks in
A£1 and A£2 are displaced energetically by up to .05 eV, although
theoretically they coincide. In careful work a splitting could be
noted from this effect. The shoulder might be such a splitting
merged into the main peak by broadening.

(2) Satellites are predicted theoretically, and can be studied
in detail [4-56, 4-U6]). At an M, critical point satellites can exist
either above or below the energy gap depending on the direction of
the electric field and the joint effective mass values. When we sum
the effect of the eight A critical points, we can get satellites on
both sides of the gap. It is of interest here that Ghosh did not see

the shoulders in all crystal orientation [4-47, p. 11]. (A major dif-

ficulty with using this mechanism to explain the shoulder is that the
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low energy satellites are probably weaker than those on the high
energy side, due to the probable sizes of the transverse and longi-
tudinal masses at A.)

g. Structure at 1.43 eV. The bump at 1.43 eV (Fig. 4-6) was

found in one sample on a number of occasions during room temperature
measuremente, although not in low temperature runs. One such occur-
rence was the run in which the data corroborating Potter's L point
discoveries were found.

Thinking only in terms of energy differences, the transition

+ +)
25''' 8 8

objections to this identification are manifold, however. First, no

LS,(LG) -0, ., () = 1.54 eV or LS,(L;,LQ) I _,(I') = 1.35 eV. The

ZEN
similar transition, separated by the spin-orbit splitting of .19 eV,
was found. Next, the only way in which this transition could occur
is if empty states at Pg were created by thermal excitation. Very
’»w would be created in this way since our sample is intrinsic and
the few impurities are n-type. Finally, the transition is indirect.
The matrix elements of such transitions are usually an order of mag-
nitude weaker than those in direct transitions. Thus, we expect this
transition to be very weax in our sample since there are few states
available and the oscillator strength is low.

However, since there seems to be no other source for the tran-
sition in terms of the band model, it would be interesting to look
at the reflectivity of a highly doped p-type sample in this region.
The dopant should be chosen to minimize the ionization energy, and

the operating temperature set low enough so that scattering can be
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reduced consistent with complete ionization of the impurity. Under

these circumstances we could increase the density of empty final

states at Pg.
h. Structure at 1.2 eV (Eg+4g). Potter, in addition to see-

ing the L point transitions in his polarization measurements, was

able to see the transitions at the minimum direct gap T (Pg) -

25’

= + -
Pz,(P7) and at the associated spin-orbit split gap st,(P7)-+P2,(P7).
These transitions were seen at both 300°K and 120°K. The st,

Pz,(P;) transition at liquid nitrogen temperature is within the spec-

(r;) -

tral range of our system. The shoulder should occur at about 1.175 eV
= 1.055 . In addition to being seen in these polarization measure-
ments, this gap has been observed in absorption [4-57] and electro-
reflectivity [4-58, 4-59].

It was indeed seen as indicated in Fig. 4-7. Figure 4-10 con-
tains a number of curves in the region of the transition. The first
is a plot of the expected structure based on Potter's data at 120°K.
The second and third are room temperature and liquid nitrogen tem-
perature runs in one sample prepared with the CPU4 etch, while the
fourth and fifth are similar runs in another sample prepared with
the iodine etch. 1In both samples we see the smooth descent at room
temperature transformed to a shoulder at liquid nitrogen temperature,
although the size of the shoulder is larger (.2%) in the second than
in the first (.1%) sample. The second sample's structure approxi-

mates that predicted by Potter's data.
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Thus, despite many claims in the past to the contrary, it is
possible tc see the effect of the fundamental gap in simple reflec-
tion measurements, provided a high amplitude resolution system is

employed.

C. GRAY TIN

1. The Gray Tin Energy Bands

Gray tin (a-Sn)T occupies a unique position in the family of
semiconductors. Although it lies in the group IV column of the
periodic table with diamond (carbon), silicon, and germanium, its
peculiar band structure makes it a semi-metal. This remarkable
discovery was made by Groves and Paul [4-60] while attempting to
account for the pressure dependence of the conductivity and of the
Hall coefficient in gray tin. 1If one looks at the band structure of
germanium in Fig. 4-8a and of gray tin in Fig. 4-11b, he can follow
the changes in the normal band configuration of germanium which were
postulated by Groves and Paul in their &-Sn model. Imagine for the
moment that the energy band states at T (K= 0) in germanium are dis-
connected from the E>¥ 0 values. Then P; (T,, in the single group
notation) is moved downward between the two st, states--Pg (a double
state) and P;. The two states at Pg remain tied together. On the

basis of k-p perturbation theory the upper of the two states at Pg

(the one connecting to LL, Lé in germanium) is unaffected by the P;

?Gray tin is known as a-S0 and is distinguished from f-Sn, the normal
netallic phase for tin. @-Sn is stable only below 13°C.
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change, while the lower one is now curved upward. Meanwhile, the
relative positions of the states at the edge of the zone (e.g., at
the L and X points) have not been rearranged. By considering the
group theoretical compatibility (or connectivity) relations, Groves
and Paul [4-61] showed that T, I"'.', and r‘; states joined with the L
and X states via energy bands of the general shape and with the
symmetry shown in Fig. 4-11. These compatibility relations esta-
blish the consistency of the symmetry relations of those various
parts of the Brillouin zone connected by the bands.

The interesting consequeﬁce is that the topmost valence band
is the L&,Lg -rg-xs band (LS' -T,z, - X, band in single group nota-
tion) while the lowest conduction band is the L;-P;- XS band
(Ll-st,- X, in the single group). Their separation at I' is zero
regardless of changes in temperature or hydrostatic preésure and the

resultant material is a perfect semi-metal.

The Groves-Paul work established the zero energy gap at Fg and

+
6

from effective mass data and P; from atomic spin-orbit splittings,

the position of L. at .08 eV above Fg. Estimating the P; position
the bands were then sketched in.

The bands shown in Figs. 4-11 and 4-12 are more extensive than
those of the Groves-Paul original model. Figure 4-12 has been made
on the basis of k-.p perturbation theory [4-28] using additional data
from reflectivity and electroreflectivity measurements. Figure 4-11

shows the bands from the first principles calculation of Herman et al.

e e e i A e iy E -
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[4-27 and 4-02] in which they purport to use only those energy dif-
ferences firmly supported by direct experiment. Within that frame-
work this should include only the zero and .08 eV band gaps of
Groves-Paul cited in the paragraph above and two effective masses.
But Herman et al. use the Groves-Paul estimated positions of P; and

P: in addition to the .08 gap. This is not seriocus in practice for

the resultant errors in energy estimates will probably be less than
2 ev.t

In considering the structure we observed in our ¢-Sn measure-
ments, we shall make reference to both band models. We can expect
differences since the P25, -*Pls separation is quite different in
the two models.

2. A Review of Prior Work

Busch and Kern [4-62)] review the data on gray tin through 1960.
Groves and Paul [4-60, 4-61] discuss relevant work after that date.

Their own work marked the turning point in our understanding of gray

tin with its identification as a semi-metal rather than a semiconductor.
A few optical studies have been made. Becker [4-63] was unable

to observe any transmitted light in the wavelength range 2 to 35 u.

fFor instance, using effective mass data, Groves and Paul estimate

the Pg —+P; gap to be somewhere in the range .3 to .4 eV [4-60, 4-61],
whereas Herman et al.use the .4 eV value. The Groves-Paul value of
.67 eV for the P; —+Pg gap is estimated from the atomic spin-orbit
splitting of @-Sn and the analogous atomic and crystalline splittings
in germanium [4-61, p. 3-15). The k:p theory [4-30] gives a value of

.77 eV for this separation, while Herman et al. use a value of .72 eV.




L-Us

This is not surprising now, in view of the zero band gap. The infra-
red reflectivity studies of Lindquist and Ewald [4-64], made over the
range 1 to 25 W, give a value for the Fzs,(Fg) valence band effective

mass ranging from .38 to .49 m_. Cardona and Greenaway [ 4-55] measured

the reflectivity in the range .8 to 4.8 eV. 1In analogy with many semi-

conductors, El’ E1'+Aj and E_ structure was noted at 1.28, 1.755, and

2
3.65 eV, and identified with the two spin-orbit split L point tran-
sitionst and X point transition, respectively. In a note added in
proof, the authors suggested that very weak structure, possibly oc-
curring around 2.8 eV, was due to FZS‘ —+P15 transitions. In addition
they cited some structure at 4.4 eV which might be due to the L ,-*LS
transitions. This structure did not appear in their published re-
flectivity spectra.

An electroreflectivity study [4-28) revealed a large amount of
additional structure which was identified with the aid of the Cardona-
Pollak gray tin bands. The spectrum is shcwn in Fig. 4-13 and identi-
fication of the various peaks is found in Table 4-5. There is
structure which is felt to arise from L3, —*LS, FZS' —aFlS, and
AS —*Al transitions.

Energy band calculations include those of Herman et al. [4-02,

4-27], of Cardona and Pollak in [4-28], and of Cohen and Bergstresser

[4-24].

TThis was prior to Brust's work [4-12] which established such tran-
sitions as occurring at A within the zone.
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3. The Reasons for Our Study of Gray Tin

Our motivation for repeating the study of the reflectivity done
by Cardona and Greenaway stemmed from a consideration of the results
of the electroréflectivity experiments in which we participated and
which will be discussed in Sec. IV-C-5. It seemed that:

(1) a careful comparison of the spectra of R and AR/R could
be used to show the relative efficacy of the two experiments in de-
+ermining the energies of critical points.

(2) some ill-established reflectivity structure near 2.8 eV
and cited in ref. [4-65] should be reinvestigated with a more sensi-
tive system.

(3) a study over a wide spectral range which measured absolute
rather than relative reflectivity could be used to determine n and k.
The optical constants are needed, in particular, for the reduction
of the electroreflectivity data.

Thus, the goal was to measure the reflectivity of gray tin in
the range 2300A-1.3 ut at temperatures in the range 80°-290°K.

4. Samples and Their Treatment

The samples used were grown in this laboratory by S. Groves
using the Ewald-Tufte method [4-66]. The surfaces were often large
(e.g., 5 X 15 mm.) and very smooth and highly reflecting. Since the
samples are grown from mercury solution, there is the possibility of
residual mercury in the bulk and on the surface. Any seen on the sur-

face was removed by cotton swabs immersed in cooled methyl alcohol.

1’Ref‘. [4-64] provides R values at higher wavelengths.
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In any case residual mercury on an undamaged surface will not give

any structure in reflectivity in our spectral range, since, between

2 and 5 eV, mercury's reflectivity decreases smoothly from 76 to

68% [4-67]. Inclusions of mercury in the bulk migrate freely above ~
0°C. If they ureak through the surface they destroy it. Before the
actual breakthrough very fine cracks will develop in the sample sur-
face, aéccmpanied by a degradation in the reflectivity. Figure U4-14
shows a "good" surface and Fig. 4-15 a degraded one. We note the

less pronounced structure at the A peaks and a decrease in the re-
lative size of the X peak. Much of the fine structure has disappeared.

In consequence great care must be taken at all stages to ensure
that the samples are kept below, say, -5°C. For example, a cooled
iodine etch, applied in an attempt to improve tﬁe absolute reflec-
tivity, destroyed the surface, presumably because the exothermic
reaction on the surface varied the sample temperature. Fortunately,
the reflectivity of the crystals as grown is usually good enough that
etches are not needed.

The sample holder is a block of oxygen-free copper with a well
cut into it. The sample is placed inside the cooled well and glued
to the bottom with a dot of GE cement.t Sample and holder are then
placed in a freezer at -20°C for U8 hours to permit drying.

A knowledge of the temperature of the sample is very desirable

both when making temperature-dependent studies and to prevent sample

"No. 7031 Adhesive and Insulating Varnish and No. 9424 Thinner.

General Electric Co., Chemical Division, Pittsfield, Massachusetts




loss through too high a temperature. Thermocouple leads could not
be attached directly to the sample but were secured to the sample

holder. Cerrolow 117 solderf

, melting at 117°F, was deposited on
the sample holder before the sampie was attached. The twin thero-
couple loads were Joined with a much higher melting poiné solder.
Later (when the block was added to the cryostat), the thermocouple
could be attached to the cooled sample block with just a touch of

a cool iron.

5. Experimeutal Problems

a. Water and COz films. The cooled sample, mounted on a cold

finger inside the cryostat, serves as a cold trap for any gases which
freeze above the temperature of liquid nitrogen. These trapped gases
naturally form a thin film. The effect of thin films in creating
false structure and magnitude changes is discussed in detail in
Section IV-D-2. One dramatic demonstration of this effect occurred
during the gray tin studies. Figure 4-16 shows many small ripples
imposed on the 2-X and L point structure. While this is an extreme
case, there were other instances where the L point structure became
confused as a film built up and slowly distorted the highest energy
(4.9 eV) peaks.¥

When the film thickness becomes comparable with the wavelength

of light, it can be identified from a shimmer of color similar to oil

fCerro de Pasco Copper Corp., 40 Wall St., New York, New York

*The ratio system is particularly adept at displaying quickly such
time dependent phenomena.
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slick on water. By noting the change of the appearance of this film
as the temperature is raised, the film components can be identified.
At the sublimation temperature of dry ice the film suddenly becomes
milky; it disappears near -20°C, the temperature at which water vapor
can be pumped from a sampl - surface. Thus, we deduce COz and H20 as
the main components of the films we observed.

The elimination of the film required attention to the cryostat
and vacuum system to remcve all sources of gas leaks. Two cold traps
were used, one very close to the cryostat. No rubber hose was em-
ployed; all connections were made with soldered metal tubing. The
cryostat was pumped continuously for more than 48 hours prior to use.
To eliminate outgassing, all joints were heated. The cryostat section
on which the sample holder was to be mounted was removed from the
cryostat, cooled quickly, the sample mounted, and the unit returned
to the cryostat within 15 minutes. Sample plus cryostat at -10°C
were then pumped for one hour until all frozen water vapor was lifted.
Only then was the sample cooled to lower temperatures.

One of the first effects of film buildup (Sec. IV-D-2 and Fig.
4-20) is a decrease in the magnitude of the reflectivity. Since
the high energy peaks are most affected, we monitored the height of
the E2 peak during the course of any low temperature measurement.

If it remained constant, we judged that no film buildup had occurred.

As an alternative to our procedure, the use of cryostats at the
temperature of liquid helium is a way to eliminate film buildup.

Gases freeze out on thé liquid nitrogen shield before reaching the
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sample. One must still contend with any films frozen out on the
sample as it is cooled down.

b. The Question of the Reality of the Structure Observed

above 3.7 eV. A number of samples exhibited structure above the E2

peak (3.65 eV), but not always in a consistent way. Since the struc-
ture is small, experimental conditions had to be optimized and the
structure displayed in a convincing way. First, since the trans-
mission of the polarizer falls off sharply below 29001, it was not
used in that range. This avoided false structure which could arise
from the combination of high scattered light and the known structure
in the polarizer transmission in this region (described generically
in Sec. II-A-5-a-(2)).}

Secondly, the false structure created by the xenon spike at
25303 was eliminated by smoothing the data. This is also an example
of the structure effect described in Sec. II-A-5-a-(2).

Excellent samples were used and every effort was made to keep
them good. Thin films were eliminated. The changes in structure
with temperature could not have been due to films for two reasons:

(1) The E, peak magnitude generally did not change in time at
a given temperature.

(2) The highest energy bump at 4.88 eV is visible at both 290°K

and 80°K. As temperature decreases, this bump shifts to shorter

1'The reader may be concerned about the elimination of the polarizer.

It is generally employed to eliminate false structure in the reflec-
tivity arising from light polarized perpendicular to the monochromator
slit (Chapter III). However, we did not experimentally observe any
false structure from this source below 2500A so that the polarizer

is not needed in this range.

s e o et



455

wavelength. If it were only a bump due to the film, it would shift
to longer wavelength as we increase the rate of film buildup on lower-
ing temperature (provided we assume that the refractive index of the
film does not change significantly with temperature). The effect of
increased film thickness can be seen by comparing the curves for 1004
and 200A films in Fig. 4-20.

The final proof of the reality of the structure was that it was
found in more than one sample.

c. Considerations Affectin e Absolute Accuracy of R Measure-

ments. Figure 4-17 reproduces the ratio reflectometer display of re-
flectivity data for an -Sn sample over an extended wavelength range.
The various segments correspond to changes in one or more system com-
ponents such as source, grating, or detector. The segments do not
match perfectly because with each component change we get a related
change in sample or detector illumination.

To get a smooth curve, one segment is scaled relative to another
in their overlap region. Extensive overlap of any two segments 1is
important. Then, whey they are joined, only structure common to
both is included and one rejects any bump artificially created at
the point of Jjunction.

A general examination of the differences in overlap regions in
a number of samples has shown that absolute magnitudes will be repro-

duced within only + 5% of full scale accuracy.
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6. Ikxperimental Data and Some Interpretation

The discussion of the experimental data will be divided into
{wo parts:Jf

(1) The experimental reflectivity structure and its relation-
ship tc the electroreflectivity structure. This will include some
discussion on line shapes and magnitudes.

(2) Identification of the combined reflectivity and electro-
reflectivity structure within the framework of two separate band
models: the k:p bands of Cardona and Pollak and the first princliples
bands computed by Herman et al.

The figures of x-Sn reflectivity represent the best, or combi-
nations of the best, scans which we made. Figure 4-18 shows the
results at 260°K while Fig. 4-14 shows those at 80°K. Figure 4-19
shows the changing structure at the high energy end of the spectrum
as the temperature is lowered.

The structure has been labeled in a fashion similar to that
employed for germanium:

(1) The energy of the structure peak.

(2) Letter latels for the peaks. The standard notation found
in the literature is used where appropriate (the "E" letters), while

other letters are used for that structure less surely correlated with

like structure in other diamond and zinc blende materials.

*Discussion of high energy structure which is expected on the basis
of the k+p energy bands and which is missing in reflectivity and
electroreflectivity is to be found in Chapter V.




e 092 IUNLIVYIANIL %S+ 0L JIVYNIIV SIMIVA ALIAILIITAIY ILAT0S8Y (I14WYS QOCH) NIL AVHY 3O WNYLIIAS ALIAILOTTIIN €19 9

(A®) A3¥IN3
St 0¢ 6 02 Sl 01

S L e L e L T T O L . G TR R

—Jos

_

. —~or
W ]
R t - oy
S'vilv< (V) €
OV) = (V) SY R s B

3 =
(V) IWV=-(Sy+dY)fY  —0S




L5

(3) Transitions are labeled in terms of Brillouin zone sym-
metries where band models give the same interpretation.

Figure 4-13 is taken from "Electroreflectivity and Band Structures
of Gray Tin" of which we were one of the co-authors.

The right-hand half of Tables 4-5 and 4-6 give both sets of
structure (R and AR/R).

a. Structure at:

1.365 + .01 eV in R at 80°K and at 1.365 eV in AR/R at 195°K (E,)

1.83 + .01 eV in R at 80°K and at 1.845 eV in AR/R at 195°K (E;+4))
These structural features correspond to the ./\:5 - A1 transitions.?
They give a spin-orbit splitting of .48 eV in electroreflectivity

and .465 eV in reflectivity. The peak temperature coefficients, de-

termined by the two methods, are shown in Table 4-3.

- TABLE 4-3. A PEAK TEMPERATURE COEFFICIENTS
4

(in units of 10°  eV/°C)
Experimental
Method 2] 0 ey
R -4 (-1.45+0) | -6.5(-1.0+1.8)
AR/R -5.4(+ 0.6) -4.2(+ 0.6)

Although the central values of the temperature coefficients from re-

b flectivity suggest that the two peaks close as the temperature is

TRecent AR/R measurements by Hamakawa et al. [4-68] suggest that the
- E1+A; peak in germanium may arise from an Ms critical point, and
hence is not due solely to the As = As transition.
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increased and those from electroreflectivity suggest that they se-
parate, within their errors both experimental results are consistent
with separaticn. Moreover, electroreflectivity gives the more sensi-
tive measure of the temperature coefficient. The reflectivity peaks
are not so sharp and their broadening with increasing temperature
creates the greater errors.

One point worth noting is the very striking line shape at low
temperature, looking very much like an M2 edge. Both germanium and
a-Sn show the same asymmetry about the peak maximum, although it is
more pronounced in &-Sn. This similarity to an M2 edge is not in-
consistent with Brust's assertion that this structure arises at an
M1 edge. The line shapes shown in Fig. 4-2 for the various types
of edges are those predicted for €2) while R is a function of both
€ and €, The Kramers-Kronig analysis of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>